The interlayer excitons (IXs) possess a much longer lifetime than direct excitons have been approved owing to the spatial separation of the electrons and holes; hence, they have been pursued to create exciton condensates for decades. The recent emergence of two-dimensional (2D) materials, such as transition metal dichalcogenides (TMDs), and of their van der Waals heterostructures (HSs) (in which two different 2D materials are layered together), has opened new opportunities to study IXs. Here we present the observation of IX gases within two stacked structures consisting of hBN/WSe 2 /hBN/pWSe 2 /hBN. The IX energy of the two structures differed by 82 meV, due to the different thickness of the hBN spacer layer between the TMD layers. We demonstrate the lifetime of the IXs is shortened by several folds when the temperature decreases or when 1 arXiv:2001.01009v1 [cond-mat.mtrl-sci] 3 Jan 2020 the pump power increases. We attribute the nonlinear behavior of early decay to the Auger process. Our findings give rise to the possibility to design a new generation Quantum well-like TMDs microcavity for exploring the condensation.
Introduction
Interlayer excitons (IXs) (or spatially indirect excitons) are electrons and holes that are bound by Coulomb interaction but spatially separated in two different quantum wells. For decades III-V and II-IV type quantum wells have been investigated as a candidate for IX condensation. [1] [2] [3] However, the weak binding energy and short lifetime of traditional IXs has hindered that progress.
Transition metal dichalcogenides (TMDs) with the chemical formula of MX 2 (M = Mo, W; X = S, Se) recently have attracted intense attention because of their promising potential to be a crucial building block for designing the next generation of spin-, valley-, optical and optoelectrical devices. [4] [5] [6] [7] [8] Single atomic layer TMDs possess a direct bandgap, extraordinarily strong oscillator strength and larger exciton binding energy than the conventional semiconductors (0.3-0.5 eV). 9, 10 Moreover, the various possibilities of assembling stacks of TMDs via weak van der Waals forces makes them an exciting new platform in investigating light-matter interactions. [11] [12] [13] However, optical nonlinearity and the onset of spontaneous coherence has not yet been achieved due to the difficulty of fabricating high Q factor microcavities with a wedge for tunability, resulting in low-density populations and inefficient detunings.
On the other hand, a series of studies about the hetero-bilayers of MoSe 2 /WSe 2 and MoS 2 /WS 2 have been reported in the last few years. Ultrafast charge transfer and the formation of interlayer excitons have been demonstrated in photoexcited TMD HSs. 6, [14] [15] [16] [17] In particular, the IXs within the HSs exhibit much longer transition and valley depolarization lifetimes (several hundreds of picoseconds to nanoseconds) compared to conventional semiconductors. The bandgap at the interface of the two different TMDs realigns and forms type II semiconductors eventually. The fixed vertically aligned IX's dipole moment gives rise to the tunability of the IX's energy by applying an out of plane electric field. However, the electrical tunability is limited by the built-in interfacial electric field which produces pristine homobilayer WSe 2 /WSe 2 structures with negligible built-in field. 18 This gives rise to the high electrical tunability of homobilayers IXs. However, a heterostructure with an embedded large index material such as hBN in between the two TMDs has not been studied as thoroughly. 19 The benefit of such a structure could be tuning the thickness of the hBN structure to match the cavity mode's energy to the energy of the IXs, allowing for the observation of many-body nonlinear behavior.
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Energy (eV) Thus, in this work we fabricated two quantum well-like stacked HSs formed by hBN/WSe 2 / hBN/pWSe 2 /hBN with different hBN thickness for the spacer layer between the two mono-layers of WSe 2 . We present direct observation of interlayer excitons in such type II band structure. We show the IXs energy blueshift as the temperature increases. We find the populations of the doublet for IXs can be modified via tuning the external excitation laser power, a direct illustration of filling up the band energy level from the lower one. Moreover, a kink around 30 K of the integrated intensity ratio of the IXs to intralayer excitons divides the system into two phases. The thermal equilibrium (above 30 K) and non-equilibrium regimes (below 30 K). It indicates that the exciton states are no longer in thermal equilibrium, and/or it may indicate that dark (non-light-emitting) exciton states play a significant role when the temperature is below 30 K. Finally, time-resolved PL measurements give an IX lifetime of ∼ 790 ps for sample 1 with the spacer thickness of 2 nm when temperature is below 7 K with excitation power of 0.59 mW. Two decay channels are assigned to the Auger process and exciton recombination. To the best of our knowledge, the Auger effect may not be avoidable in TMD HSs, 18, 20 however inserting a thin layer of large bandgap semiconductor in between the monolayers of WSe 2 could weaken the Auger process without hurting the interaction of the spatially separated electrons and holes. Our method could be applied to other TMD structures to tune the energy of the active medium inside a microcavity. The manuscript shows the data collected from sample 1 with a spacer thickness of 1 nm.
Results and discussion
The same measurements were performed on sample 2, which showed similar results and is present in the supplementary information. Power sequence PL of IXs at 9 K as highlighted in the red box in Fig. 2(b) was carried out by a mode-lock Ti: sapphire pump laser (E pump ≈ 1.75eV ), shown in Fig. 2(c) . A bi-Lorentzian fit was applied to the data (gray line), which was normalized by pump power and chargecoupled device (CCD) integration time. The higher energy and lower energy Lorentzians are shown with the two green lines, and their sum (the red line) agrees well with the data (gray line). The relative intensity of these two sub-peaks changed as we increased the pump power.
We define I ω as the intensity of the higher energy Lorentzian integrated over all energies, while I ω corresponds to the lower energy Lorentzian. The ratio of these two integrated quantities, η = I ω /I ω , was found to be 7.2% and 19.3% at pump powers of 0.59 mW and 2.9 mW respectively. The IXs are predominantly occupying the lower energy state at lower power until it is close to saturating, at which point the higher energy state begins to fill up. The power dependent blueshift of the IXs has been reported by two other groups, 14,18 however, it is not seen here because the hBN spacer layer significantly decreased the IX's density. For all tested pump powers, we found the energies of the two sub-peaks to be 1.568 eV and 1.588 eV.
A further analysis was performed to measure the peak intensity of the intralayer and interlayer excitons as a function of the temperature. The result was fitted with the thermal distribution function presented in Fig. 3 : I d and I in are the peak intensity of direct (intralayer) and indirect (interlayer) excitons, k is the Boltzmann constant. We can use this equation to solve for the energy difference between the two states, ∆E. Two distinct regimes are shown separated by a kink around 30 K when we plot the natural log of the relative intensity as a function of 1/kT in Fig   3. Fitting the data with a line in regime I, which corresponds to a temperature above 30 K, gives ∆E = 190 ± 17meV . This same fitting procedure in regime II (below 30 K) gives ∆E = 12 ± 1meV . At 100 K, we find an energy separation of 193 meV, in good agreement with the prediction of our thermal distribution. However, at 9 K we found an energy separation of 182 meV, much larger than the predicted 12 meV. This may indicate that the exciton states are no longer in thermal equilibrium, and/or it may indicate that dark (nonlight-emitting) exciton states play a significant role in thermalization below 30 K. This is plausible as dark excitons have been observed at cryogenic temperatures. 25 Time-resolved PL measurements were performed using a Hamamatsu streak camera with a temporal resolution of ∼1 ps, mounted on an exit port of a 0.5m spectrometer equipped with a 50 grooves/mm reflective grating. A mode-locked pulsed Ti: sapphire laser set to wavelength 711 nm (E pump ≈ 1.75eV ) was used for pumping the HSs. A 750 nm long-pass filter was placed in the signal's path to block the pump laser. Fig. 4(a) shows the wavelengthresolved streaked image, with calibrated time axis, the red dotted line is centered on the IXs, around 790 nm. The typical time-resolved PL spectrum plotted on a log scale taken at 7 K under two different pump powers, 0.59 mW and 2.9 mW respectively. The early time curvature with the late time tail of the photoluminescence hints that the decay process of the IXs is non-trivial. The decay rate equation for the IX density is governed by two terms:
Here, n is the IX's density, τ is the lifetime and A is the Auger coefficient. The first term on the right side of the equation is the nonlinear decay process which can be attributed to Auger recombination, which dominates at early times. The second term describes the IXs recombination, white dominates at late times. The lifetime for the IXs at 7 K under excitation power of 0.59 mW was found to be ∼790 ps by linearly fitting the tail in Fig 4(a) .
The lifetime of the IXs as a function of temperature is shown in Fig. 4(c) , and can be fit by an exponential function. This behavior can be explained as the number of the hot phonons assisting in the recombination of the IXs grow exponentially with temperature. Fig. 4(b) shows the lifetime of the IXs under two different excitation powers, 0.59 mW and 2.9 mW respectively. The increase in power strengthens the interaction between the IXs significantly and results in nearly doubling the decay rate from 1.25 ns −1 up to 2.6 ns −1 .
The decay process on sample 2 shows similar behavior (see supplementary) with a mea- In this paper, we have shown that interlayer excitons can be observed in a vertical stacked structure of hBN/WSe 2 /hBN/pWSe 2 /hBN, which is similar to a quantum well. The photoluminescence of the IXs is fit by a bi-Lorentzian, showing two IX states with different energies. Due to lower population density, the power dependent blue shifting of these states was not observed, however as the excitation power was increased we observed the lower energy state saturate and the higher energy state begin to fill up. The intensity ratio of the IXs and intralayer excitons follows the standard thermal distribution when the system is above 30 K. However, below 30 k there is a large discrepancy, leading us to believe the dark excitons play a significant role in low temperature thermalization. This agrees with the theoretical calculation of the band structure of WSe 2 showing that the dark excitons possess lower energy states. [22] [23] [24] The IX's energy shown here is about 1.568 eV measured at 10 K, comparable to the exciton energy in GaAs quantum wells. Thus, it indicates the possibility of creating a new kind of AlGaAs microcavity structure by replacing the traditional GaAs quantum wells with TMD based HSs as the active medium. Additionally, we
show the lifetime of the IXs can be significantly affected by the temperature and the excitation power. The exciton decay process is described by a typical rate equation with an Auger process, which the hBN spacer layer did not seem to prevent. Finally, we find the IXs are quite sensitive to the thickness of the spacer. In contrast to the sample with a 1 nm spacer, the IXs inside the sample with a 5 nm spacer have an energy which has been lifted up to 1.65 eV (see supplementary), an 82 meV blue shift. Our results may have implications for the search of IX condensation and new optoelectronics applications in 2D semiconductors.
